Considering approaches to efficiently produce broiler chickens, an experiment was conducted to describe the manufacturing and feeding effects of a corn, soybean meal, and wheat based diet with varying levels of corn distillers dried grains with solubles (DDGS) and commercial phytase. Treatments were arranged in a 3 × 2 factorial randomized complete block design varying in phytase (zero, 1,000, and 6,000 FTU/kg) and DDGS inclusion (zero or 5%). Phytase inclusion decreased dietary non-phytate phosphorous (nPP) and total Calcium (Ca) in formulation by 0.12 and 0.1%, respectively. Diets were steam conditioned at 82
impacts [8] . Moreover, dietary phytases may be capable of reducing the energy expensive immune response and improve gut health [9] .
Commercially, exogenous phytase is typically supplemented between 500 and 1,000 FTU/kg, based on supplier recommendations. More recently, phytase supplementation above standard inclusions has been considered. A phytase superdose is defined as inclusions greater than 1,500 FTU/kg. The use of super-doses of phytase has been reported to alleviate anti-nutritional effects of phytate P [10], as well as improve P availability [11] . Enzyme efficacy has been shown to be dependent on substrate concentration, enzyme dose, ingredient type, and ingredient by ingredient interactions [12] [13] [14] [15] . Today's commercial broiler diets contain a variety of cereals and byproducts that dictate substrate type and enzyme accessibility. Distillers dried grains with solubles (DDGS) is regularly included in commercial broiler diet formulations, originating from increased accessibility based on corn ethanol production. During ethanol production, the starch portion of the grain is fermented, resulting in a byproduct containing concentrated nutrients 2 to 3 times that of the original grain. Numerous experiments validating DDGS inclusion in broiler diets have been conducted. However, concentrated non-starch polysaccharides (NSP) found in DDGS may contribute to increased intestinal viscosity, decreasing enzyme accessibility to substrates. Furthermore, it is reported in past literature that DDGS decrease pellet quality, increase total fine production, and decrease energy usage at the conditioner with increasing DDGS inclusions [16] . The objectives of this study were to describe the manufacturing and feeding effects of a corn, soybean meal, and wheat based diet with varying inclusions of DDGS and a commercial phytase.
MATERIALS AND METHODS
Experimental diets were formulated based on published calculated non-phytate P (nPP) values of ingredients, and were corn, soybean meal, and wheat based ( Table 1 ). The fat source was an animal and vegetable blend [17] and the rock phosphorus source was dicalcium phosphate. Wheat inclusion was similar across all diets at 25%; however, an enzyme to degrade NSPs (NSPase) was not included in any of the formulations. Diets varied in corn DDGS and commercial phytase inclusion. The phytase product used in this experiment was commercially available [18] , with a suggested P and Ca sparing effect of 0.12 and 0.1%, respectively, and were incorporated into diet formulations. Phytase additions (0, 0.005, and a super-dose of 0.03%) were applied to diets with or without DDGS. Sand was used as a filler to complete the 0.03% inclusion in diets containing either zero or 0.005% phytase. The target activity for diets containing standard and super-dose inclusions of phytase was 1,000 and 6,000 FTU/kg, respectively.
Dietary treatments were manufactured at the West Virginia University pilot feed mill in Morgantown using a 40 HP California Pellet Mill [19] . A premix of micro-ingredients, less salt and phytase, was prepared for each diet according to formulation. On the d of feed manufacturing, 4.5 kg of ground corn and appropriate inclusions of salt and phytase were placed in a Hobart mixer [20] and allowed to mix for 10 minutes. This combination of ingredients was then added to the vertical screw mixer, along with the aforementioned premix, prior to dry mixing to allow for mixer coefficient of variation to be determined through chloride analysis [21] as a predictor of uniformity of mixed phytase.
All diets were individually batched, mixed for 10 min dry, mixed for an additional 10 min post animal/vegetable blend fat addition, and then conveyed to the pellet mill. All dietary treatments per growth phase (starter, grower, and finisher) were batched and pelleted on the same day. Diets were conditioned at 82˚C for 10 s and extruded through a 4.7 × 38 mm pellet die. Hot pellet samples were collected immediately following pellet extrusion through the pellet die and used to measure hot pellet temperature. Starter diets (d 1 to 10) were finely crumbled so that chicks could easily consume the feed on d one. Particle size of finished feed was manipulated by changing the gap distance between rolls of the roller mill. Grower diets (d 11 to 22) were coarsely crumbled to prepare the broilers for a pelleted diet that would be fed in the finisher period (d 23 to 38). Feed samples were collected throughout each stage of feed manufacturing for analysis of phytase activity and mineral content. Diets were formulated to meet or exceed Agristat recommendations for calculated nPP and Ca. 2 Diet formulation was reduced in calculated nPP by 0.12% and calculated Ca by 0.1%.
3 RONOZYME HiPhos phytase was included at 0, 0.005, or 0.03%. 4 Sand was substituted for phytase in diets that did not include 0.03% phytase. Particle size analysis was conducted on starter and grower diets, while the percentage of pellets was determined for finisher diets. Pellet durability analyses were conducted on all dietary treatments for all 3 growth phases. Pelleted samples were collected post cooling, prior to conveyance to the roller mill and used to determine pellet durability. Descriptive feed manufacture data can be found in Table 2 .
Standard AOAC 2000.12 phytase activity analyses were performed on all dietary treatments. Duplicate feed samples were sent to a commercial laboratory [22] and phytase activity was reported as an average (Table 3) . Phytase analysis has been reported in past research to be variable [23] and this should be considered when viewing current data. Additionally, duplicate feed samples were sent to a commercial laboratory [24] for mineral analyses to determine the total phosphorus, phytic acid, and calcium content of finished feed. Total phosphorus and phytic acid were used to calculate nPP [25] .
A total of 1,740 Hubbard x Cobb 500 straightrun one-day-old broiler chicks was obtained from a commercial hatchery [26] , weighed, and randomly placed at a count of 29 broilers per pen in 60 pens. The 6 dietary treatments were randomly allotted to adjacent pens and blocked by location in the barn located at the West Virginia University Animal Sciences Farm. Each dietary treatment was applied to 10 replicate pens of broilers. Lighting was continuous from d one to 3, reduced to one h of darkness per d from d 4 to 7, reduced to 4 h of darkness per d from d 8 to 24 and reduced to 6 h of darkness per day from d 25 to 38. Feed and water were provided ad libitum throughout the study and temperature was manipulated daily based on the Cobb Performance Guide [27] . Feed intake was measured throughout each phase of the study. On d 10 chicks were weighed as a pen and 6 chicks per pen were randomly selected and euthanized for tibia excision and subsequent ash analysis. Bird sex was not considered during random selection at the end of each growth period. Two birds per pen were randomly selected and euthanized on d 22 and 38 for tibia excision and ash analysis [28] . Cartilage caps were removed during excision of tibiae, at all 3 time points. Tibiae were dried and fat extracted prior to ashing.
All animals were reared according to protocols established by the West Virginia University Animal Care and Use Committee [ACUC 11-0703].
Statistical Analysis
A two-way ANOVA was employed to analyze the 3 × 2 factorial arrangement of treatments in the randomized complete block design. The main effects considered were phytase inclusion and formulation. Main effect interactions also were considered. Means were further explored using Fisher's LSD test when the main effect interaction was significant. One pen of straight-run broilers served as the experimental unit. Blocking criterion was determined as pen location within the research barn. Data collected from each respective growth phase, as well as overall study period data, were analyzed using the GLM procedure of SAS [29] . Differences were considered significant at P ≤ 0.05.
RESULTS AND DISCUSSION

Feed Manufacturing
Feed manufacturing and pellet quality data were not replicated and should be considered descriptive (Table 2) . Pellet durability index (PDI) values ranged from 80.2 to 85.2%, 76.2 to 81.5%, and 77.4 to 82.1% in the starter, grower, and finisher periods, respectively. New Holmen Pellet Tester (NHPT) values ranged from 62.0 to 74.8%, 54.0 to 62.4%, and 54.6 to 69.9% in starter, grower, and finisher periods, respectively. Generally, PDI and modified pellet durability index (MPDI) were greater in diets that did not contain DDGS. Hot pellet temperatures ranged from 80.0 to 81.8˚C across all dietary treatments and growth periods. Starter diet particle size ranged from 1,150 to 1,352 microns. Grower diet particle size ranged from 1,921 to 2,244 microns. Finisher diet percent pellet ranged from 76 to 85 percent. Mineral analysis following feed manufacturing revealed analyzed reductions in nPP and Ca when compared to diets that did not contain phytase (Table 3) . These results were expected due to the suggested Ca and P sparing associated with the commercial Diets were formulated to meet or exceed Agristat recommendations for calculated nPP and Ca. 2 Diet formulation was reduced in calculated nPP by 0.12% and calculated Ca by 0.1%. 3 New Holmen Pellet Tester. 4 Pellet durability index using Pfost tumbling method. 5 Modified pellet durability index using Pfost tumbling method with 5 13-mm hex nuts. 6 WS Tyler Ro-Tap Sieve Shaker. 7 Complete feed is passed through a No. 6 Tyler Sieve. Pellets remaining on sieve are weighed back and calculated as a pellet percentage. phytase, which was considered during diet formulation. Calculated nPP values did not appear to differ between diets with or without the 5% DDGS inclusion.
Phytase Activity
Mixer samples indicated a chloride ion coefficient of variation below 10 that indirectly suggested phytase was evenly distributed throughout the batch of feed prior to steam conditioning (results not shown). Diets without added exogenous phytase had a native phytase activity ranging between 200 and 800 FTU/kg, likely associated with the 25% wheat inclusion. Diets with phytase, standard and super-dose, had an analyzed activity ranging from 900 to 1,200 and 3,900 to 6,400 FTU/kg, respectively (Table 3) . Past literature reveals variation within in vitro phytase activity analyses [23, 30] , which likely explains the sizable range in analyzed phytase activity values. Loop and coauthors reported notable phytase activity variability among duplicate samples from the same treatment, utilizing identical activity testing measures at a commercial laboratory [30] .
Live Performance
Starter period FCR decreased (P = 0.05) as phytase inclusion increased across formulation (Table 4) . A similar effect was not apparent in the grower or finisher period. Phytase and formulation interacted (P = 0.05) for the overall period FCR, indicating that phytase was most effective as a super-dose in diets without DDGS (Table 5) . When DDGS were included in the formulation, the benefit was lost. Considering these results, complete feed samples from each growth period were sent to a commercial laboratory [31] for mycotoxin analysis. Specific Aspergillus species testing included aflatoxin B1, B2, G1, and G2. Specific Fusarium species testing included vomitoxin, 3-Acetyl DON, 15-Acteyl DON, T-2, and zearalenone. Laboratory results indicated no detection of mycotoxins across all diet formulations and growth periods. Perhaps the DDGS utilized in this study contained less digestible amino acids and/or had a fiber content that interfered with phytase access to diet substrate. Past research has shown that DDGS is deficient in lysine and that lysine, arginine, and tryptophan are the first 3 limiting amino acids of DDGS [32] . Over-heating during the DDGS drying process results in Maillard reaction products, lowering total lysine content and lysine digestibility [33] . Perhaps the combination of using a product known to be deficient in lysine and the possibility of decreased amino acid digestibility stemming from variations in thermal processing provided birds a diet marginal in digestible amino acids. Moreover, non-starch polysaccharides of DDGS may reduce the capacity for absorption by reducing enzyme accessibility to substrate [34] . Non-starch polysaccharides decrease digestibility by imbibing water and forming a viscous digesta, which decreases interactions between enzymes and substrates and between nutrients and absorptive structures [35] . Numerical increases in starter live weight gain (LWG) (P = 0.08) were observed as phytase inclusions increased across formulations. Birds consuming diets with a super-dose of phytase in the grower period had higher LWG relative to other phytase inclusions (P = 0.02, Table 4 ). Shirley and Edwards found similar d 16 results when birds were supplemented with super-doses of phytase up to 12,000 FTU/kg [36] . Live weight gain in the finisher period was effected by the interaction of phytase and formulation (P = 0.02) indicating improved LWG for broilers provided increased phytase across formulations devoid of DDGS (Table 4) . Overall LWG trended towards an interaction between phytase and formulation (P = 0.06), demonstrating an 80 gram LWG increase for broilers provided the super-dose of phytase relative to no phytase in diet formulations devoid of DDGS (Table 5 ). The authors speculate that with a 25% wheat inclusion, a 5% inclusion of DDGS, and no inclusion of a NSP hydrolyzing enzyme, the intestinal viscosity of the bird may have moved past a critical point and uptake of nutrients was negatively affected. In addition, it is likely that enzyme accessibility to substrate was affected due to suspected increased digesta viscosity from NSP compounds that encapsulated nutrients [37] . Bedford and Classen reported a viscosity-reducing mechanism when xylanase was added to wheat-based diets fed to broiler chickens [38] . Increased finisher LWG for broilers provided the diet containing DDGS and no phytase may support this speculation due to the 0.12% increase in nPP and 0.1% increase in Ca relative to diets containing phytase. If the phytase was unable to interact with diet substrates due to increased intestinal viscosity, the resulting decreased LWG may be expected. Increased intestinal viscosity is generally associated with reduced growth performance [39] .
Differences in feed intake (FI) were observed only in the grower period (P = 0.02) when birds fed diets devoid of DDGS consumed more feed than birds fed diets containing DDGS. Overall FI results revealed no differences (P = 0.25) among experimental treatments. Loar and cohorts found similar FI results when feeding broiler diets containing zero or 8% DDGS to 28 d of age [40] .
Bone Mineralization
Differences for percent tibia ash were not apparent for any growth period. However, when adjusted for bird weight, differences for bone mineralization were apparent during the starter and grower periods, while no significant differences were observed in the finisher period ( Table 6 ). The percentage of tibia ash appeared to be higher than other values reported in past literature. Perhaps there was error associated with tibia excision and subsequent analyses; however, tibia ash percentages appeared to be consistent across all growth periods. A formulation effect (P = 0.049) for mg tibia ash per bird indicated that birds provided a diet without DDGS deposited more minerals in the tibia relative to birds fed diets containing DDGS, in the starter period. Additionally, the main effect of phytase inclusion improved mineralization when phytase inclusion was applied as a super-dose (P = 0.019) in the starter period. A super-dose of phytase likely increased phosphorus availability to meet and exceed nPP requirements for skeletal development and potentially offered additional gut health benefits. The authors found it remarkable that a 5% inclusion of DDGS would depress mineralization and speculate that perhaps the starter diets were at a marginal level of nPP and that the phytase was being used to meet the nutrient requirements for skeletal growth. Recent work by Phillips and cohorts suggests nPP requirements for zero-to 10-day-old broilers may be as high as 0.58 to 0.62% in order to maximize tibia ash [41] . Perhaps, as previously mentioned, intestinal viscosity surpassed a critical point when relatively small inclusions of DDGS were added to the basal diet that contained 25% wheat. It has been reported that DDGS contain higher levels of fiber and NSP than the parent grain, which can inhibit efficient digestion [42] . Past research demonstrates that DDGS inclusion in corn-soy based diet formulations can be increased across broiler growth phases without detriment to performance. Wamsley and cohorts reported that inclusions of 8% DDGS in broiler starter diets and inclusions of 15% DDGS in grower diets resulted in no detriment to bird performance [43] . Similar research that utilized DDGS inclusions in corn-soy based broiler diets supported Wamsley and cohorts' findings [44] [45] [46] . The combination of marginal nPP levels, 25% wheat, and 5% DDGS inclusion may have contributed to significant differences in starter tibia ash results.
The main effects of phytase inclusion and diet formulation interacted in the grower period (P = 0.017) indicating increased mg tibia ash per kg of BW in birds provided a super-dose of phytase in a diet containing DDGS when compared to a similar diet without DDGS and a standard phytase inclusion diet containing DDGS. All other treatments were intermediate (Table 6) .
Bone mineralization in selected birds from the finisher period showed no treatment differences or trends (P > 0.05, Table 6 ). Perhaps sufficient nPP levels negated bone mineralization sensitivity to experimental treatments. Therefore, these data support that performance benefits associated with phytase may have been associated with reducing phytate phosphorus gut irritation as opposed to meeting nPP requirements.
CONCLUSIONS AND APPLICATIONS
1. Corn, soybean meal, and wheat based diets containing a super-dose of phytase and devoid of DDGS demonstrated a d one to 38 FCR benefit (P = 0.05) compared to similar diets without phytase, possibly due to reducing phytate phosphorus gut irritation. 2. The inclusion of DDGS in this study either provided reduced nutrient availability relative to the calculated formulation and/or contributed to a level of NSP that decreased LWG and phytase efficacy. Values within comparisons with different subscripts differ (P < 0.05).
3. Within the parameters of this experiment, phytase was most effective as a super-dose in diets without DDGS.
